K. J. Gadd and K. B. M. Reid an acceptor surface was initially considered to be entirely hydrophobic in nature (Dalmasso & MullerEberhard, 1967; Miiller-Eberhard, 1975; Capel et al., 1978) . However, recent evidence has suggested that C3b and C4b may be covalently linked to the surface of an activating particle by an ester or an amide bond, the carbonyl group of which is provided by the complement fragment (Law & Levine, 1977; Law et al., 1979a,b; Campbell et al., 1980; Sim et al., 1981; Howard, 1980) . Campbell et al. (1980) used partially purified components of the classical pathway to show that there was probably a covalent bond formed between the a'-chain of freshly activated C4b and the heavy chain of IgG during classical-pathway activation by immune aggregates. In the present study we have examined the binding of C3b to immune aggregates by using whole serum as a source of C3, under conditions allowing only activation of the alternative pathway to take place. Therefore the possibility of C4b binding is excluded, which allows a clearer interpretation of the results involving C3. It was found that C3b, in common with C4b, could be bound, probably covalently, via its a'-chain to the Fd portion of the heavy chain of IgG, but that certain aspects of C3b binding differed from that found with C4b, i.e. in terms of sensitivity of the binding to amines and the ability of the activated component to form dimers.
Materials and methods

Materials
Human serum was prepared from fresh plasma by the addition of CaC12 and stored at -700C. Before use it was either made 10mM with respect to EGTA and 5 mM with respect to MgCl2 or dialysed against 100mM -NaCl/10 mM-EGTA/5 mM-MgCl2/1O mMTris/HCI, pH 7.4.
The sources of the chemicals used are described by Campbell et al. (1980) .
Preparation ofantibody-antigen aggregates
Pooled rabbit anti-ovalbumin serum (Porter, 1955) was heated to 560C for 60min and the IgG fraction isolated by a modification of the method of Wilkinson (1969) by using DEAE-cellulose 32 chromatography. F(ab')2 fragments of the antiovalbumin IgG were prepared by pepsin digestion (Reid, 1971) . Ovalbumin-anti-ovalbumin aggregates were prepared at equivalence and stored in 100mM-NaCl/lOmM-Tris/HCI, pH7.4, in the presence of 10mM-di-isopropyl phosphorofluoridate. Before use, the immune aggregates were washed extensively in 100mM-NaCl/lOmM-EGTA/5 mM-MgCl2/1OmM-Tris/HCl, pH 7.4, and the protein measured by amino acid analysis.
Complement components C3 was purified from outdated human plasma by the method of Tack & Prahl (1976) or by a modification of this method (Sim et al., 1981) . Guinea-pig C2 was prepared by modification of the method described for human C2 (Kerr, 1979) . Haemolytic assay ofcomplement components Complement assay buffers [glucose/saline (0.45% NaCl)/sodium barbitone/gelatin and saline (0.9% NaCl)/veronal/gelatin] were used (Nelson et al., 1966) . The haemolytic activity of Cl was determined by the method of Borsos & Rapp (1967) , and of C3 as described by Kerr (1980) . Radioiodination procedures Radioiodination of C3, anti-ovalbumin IgG and F(ab')2 preparations with 1251I was performed with chloramine-T (Sim et al., 1981; Campbell et al., 1980) , C3 was labelled to 0.04g-atom of 125I/mol of C3, IgG to 0.03g-atom of 125I/mol of IgG and F(ab')2 to 0.02 g-atom of 125I/mol of F(ab')2.
Polyacrylamide-gel electrophoresis SDS/polyacrylamide-slab-gel and -disc-gel electrophoresis was performed by the same procedures as used by Campbell et al. (1980) Conditions allowing only activation of the alternative pathway of complement in human serum were created by the addition of EGTA and MgCl2 to final concentrations of 10mM and 5mM respectively, or by dialysis into 100mM-NaCI/l0mM-EGTA/5mm-MgCl2/10mM-Tris/HCI, pH 7.4, before the addition of the serum to the immune aggregates. The addition of EGTA and Mg2+ prevents the activation of the classical pathway of complement by blocking utilization of C1, but allows alternative-pathway activation to take place (Platts-Mills & Ishizaka, 1974; Gadd & Reid, 1981) . Ovalbumin-anti-ovalbumin aggregates (0.2-0.5 nmol of antibody) formed with either IgG or F(ab')2 rabbit antibody were incu- (Reid, 1971 (Table 2) . Electrophoresis of samples of IgG, or F(ab')2, immune aggregates on SDS/polyacrylamide slab gels, after incubation in human serum containing radiolabelled C3, EGTA and Mg2+, showed that only small amounts of material could be seen in the expected positions of the C3 a'-chain or intact C3b in the reduced and non-reduced samples respectively after staining with Coomassie Blue (Fig. 1 ) or on radioautography (Fig. 2) . However, in these samples, high-molecular-weight bands were present (bands 1, 2 and 1', 2' in Figs. 1 and 2) that were not seen in the control samples, i.e. in samples of immune aggregates that had been incubated with human serum containing radiolabelled C3 and lOmM-EDTA (Fig. 2a, track (Fig. 2b, track ii); the band in the high-molecular-weight band-i' position (Fig. 2b, track ii) is broad, indicating some heterogeneity in size; prolonged incubation periods (up to 60min) result in a decrease in the amount of label found in the two principal high-molecularweight bands and an increase in bands of lower molecular weight; incubation of the aggregates in serum containing EDTA rather than EGTA and Mg2+ results in no significant binding of radiolabelled C3 (Fig. 2b, track ii) .
Generation of C3-cleaving activity on the surface of immune aggregates and its correlation with C3b binding Fujita et al. (1977) reported that a C3-cleaving activity was formed on the surface of immune Vol. 195 aggregates containing ovalbumin and F(ab')2 rabbit antibody after incubation in human serum. This observation has been confirmed and correlation made between C3b binding to the immune aggregates after alternative-pathway activation and the formation of a C3-cleaving activity on the aggregates.
Standard incubation conditions were used, 0.7nmol of antibody being present in each sample of aggregates. Immune aggregates were washed with 100mM-NaCl/lOmM-EGTA/5 mM-MgCl2/10 mM-Tris/HCl, pH7.4, and incubated for different lengths of time with human serum (790,ul) containing EGTA and MgCl2 at final concentrations of 10mM and 5mm respectively and '25I-labelled C3 (lO,ug/ml). The incubations were stopped by the addition of ice-cold buffer and the aggregates were washed twice, before being transferred to a clean tube and counted for 1251 radioactivity to determine the amount of C3b bound. Purified C3 (50,g) in iso-osmotic 5 mM-veronal buffer, pH 7.5 (100,ul), containing 1 mM-MgCl2 and 0.3 mM-CaC1 was then added to each sample, and the incubation continued for 30min at 300C. The samples were then centrifuged at 2000g for 10min and a portion of the supernatant taken for SDS/7.5% (w/v)-polyacrylamide-slab-gel electrophoresis run under reducing conditions. After staining with Coomassie Blue the percentage of C3 which had been inactivated was determined by gel scanning. Loss of C3 haemolytic activity was also determined and very similar results were obtained by both methods (Table 3) . Control experiments in which immune aggregates were incubated in human serum containing 10mM-EDTA, or an equivalent volume of buffer, followed by incubation with C3, showed no inactivation of the C3 added.
The C3-cleaving activity formed by the alternative-pathway components bound to the surface of the immune aggregates showed a correlation with C3b binding, although other components of the alternative pathway are also involved. The C3-cleaving activity was lost after prolonged incubation of the aggregates in human serum (Table 3) or by repeated washing of the serum-treated aggregates with 100mM-NaCl/lOmM-EGTA/5 mM-MgCl2/10 mM-Tris/HCl, pH 7.4, although the latter treatment had a negligible effect on the C3b bound to them. Preliminary results indicate that the loss of activity is due to the decay of factor B from the surface of the aggregates, since addition of purified factor B, followed by washing with buffer, allowed the regeneration of C3-cleaving activity on the immune aggregates.
Nature of the attachment of C3b to the antibody-antigen aggregates
The results presented above indicate that the interaction between C3b and the immune aggregates is very strong. The interaction is not disrupted by repeated washing ten times with 100mM-NaCl/ lOmM-EGTA/5 mM-MgCl2/lOmM-Tris/HCI, pH 7.4, only 3-4% of the C3b which initially bound being removed by this treatment (this represents an average of five to eight C3b molecules removed/ 1000 antibody molecules present in the aggregates). Washing the aggregates containing bound C3b with high-salt buffer (1 M-NaCl/lOmM-EDTA/lOmMTris/HCl, pH 7.4), high (0.7 M-NaCl/20mM-EDTA/ 50mM-Tris/HCI, pH 10) and low (1 M-NaCl/20mm-EDTA/50 mM-sodium acetate, pH 4.5) pH buffers, or with the non-ionic detergent Triton X-100 (1%, v/v), had a negligible effect on the C3b-antibody interaction (less than 4% of the bound C3b being removed). When aggregates containing 125I-labelled antibody were used as controls, it was found that the conditions described above caused no disruption of antibody-antigen interactions.
The C3b-antibody interaction was also largely unaffected by boiling in 8 M-urea/2% (w/v) SDS/ (Fig. 2) . These conditions were used to prepare the samples for SDS/polyacrylamide-gel electrophoresis in the experiments described below. Immune aggregates containing bound C3b were incubated with buffers known to disrupt ester bonds linking C3b to other surfaces (Sim et al., 1981) , e.g. 1% (w/v) SDS/1 M-hydroxylamine, pH 10, or 50mM-diethanolamine/lOOmM-NaCl, pH 11.5, for 60min at 370C. The whole sample was then prepared for SDS/7.5% (w/v)-polyacrylamide-gel electrophoresis under reducing conditions. After staining with Coomassie Blue, the major highmolecular-weight species that were present were cut out, counted for C3-derived 125I radioactivity and the results compared with those from a control sample incubated for 60min at 370C with 1% (w/v) SDS and electrophoresed under identical conditions. Losses of 26 and 22% of 1251 radioactivity were found for C3b bound to IgG or F(ab')2 immune aggregates incubated in the diethanolamine and hydroxylamine buffers respectively. If C3b were interacting with the aggregates by means of an ester bond, then a nearly 100% loss of C3 1251 radioactivity would have been expected under these conditions.
Site ofinteraction ofC3b with the antibody molecule C3b bound to immune aggregates containing 125I-labelled IgG was prepared by using the standard incubation conditions, washed three times with 100mM-NaCl/lOmM-EGTA/5 mM-MgCl2/lOmMTris/HCl, pH 7.4, and electrophoresed, without reduction, on an SDS/7.5% (w/v)-polyacrylamide slab gel. The two major high-molecular-weight bands containing radioactivity due to IgG, along with the IgG bands, were isolated and eluted from the gel as described previously (Campbell et al., 1980 ; the present Fig. 3) . The samples were then freeze-dried, re-run on an SDS/10% (w/v)-polyacrylamide slab gel, under reducing conditions, and the ratio of the distribution of radioactivity between the heavy and light chains was determined (Fig. 3) . The results were compared with those obtained from a standard radiolabelled IgG sample also eluted from the SDS/7.5% (w/v)-polyacrylamide slab gel under reducing conditions and re-run on an SDS/ 10% (w/v)-polyacrylamide slab gel.
The ratio of radioactivity between the heavy and light chains of IgG was 1.90:1.00 (Fig. 3) with human serum (i.e. contained no bound C3b) (Fig. 3) . When the two C3b-IgG complexes were eluted and analysed, the ratios of radioactivity between the heavy and light chains were found to be 0.96:1.00 and 0.61:1.00 respectively (Fig. 3) and radioactivity, which could account for the amount lost from the heavy chains, was found in bands of higher molecular weight than that of the heavy chain (Fig. 3) . These results, taken with the previous observations, suggest that the C3b in the C3b-IgG complexes is bound to the Fd region of the heavy chain of the antibody molecule through the a'-chain of C3b.
Molecular-weight estimations of the unreduced and reduced and alkylated C3b-IgG and C3b-F(ab')2 complexes
The two main high-molecular-weight species (Figs. 1 and 3) were found to have apparent mol.wts., on SDS/polyacrylamide-gel electrophoresis, of 360000 and 580000 for the C3b-IgG complexes and 310000 and 470000 for the C3b-F(ab')2 complexes when unreduced. Reduced samples were calculated to have apparent mol.wts. of 150000 and 250000 for the high-molecular-weight complexes from IgG aggregates (Fig. 3) and 135 000 and 190000 for the high-molecular-weight complexes from F(ab')2 aggregates.
The estimates obtained indicated that the two species, in both cases, were composed of one or two C3b molecules respectively, in association with a single antibody IgG or F(ab')2 molecule. The expected molecular weights for complexes of the compositions C3b-IgG, (C3b)2-IgG, C3b-F(ab')2, (C3b)2-F(ab')2 were approx. 330000, 510000, 270000 and 450000 respectively for non-reduced samples. For reduced samples, complexes of the compositions a'-H-chain, (a')2-H-chain, a'-Fd, (a')2-Fd would be expected to have mol.wts. of 160000, 270000, 135 000 and 245 000 respectively. Inhibition of C3b binding to immune complexes by the addition ofinhibitors to serum Of the amines tested, only putrescine and cadaverine were found to show significant inhibition of C3b binding to immune aggregates. Methylamine, ethylenediamine, propylamine and butylamine showed no more than 10% inhibition under the conditions used, at concentrations of up to 100mM. Increasing concentrations (0-100mM) of putrescine and cadaverine were added to human serum (790,1) containing lOmM-EGTA/5 mM-MgCl2 and 125I1 radiolabelled C3 (lO,g/ml) , before the addition of immune aggregates (containing 0.7 nmol of IgG antibody). The incubation and washing procedure was performed as described above, and the amount of C3b bound determined by counting the washed aggregates for 125I radioactivity. By Sim etal. (1981) , who studied the inhibition of binding freshly activated C3 to Sepharose-trypsin, it was found that salicylhydroxamic acid is a more potent inhibitor of C3b binding than is putrescine or cadaverine. By using the experimental conditions described above, 50% inhibition of C3b binding to IgG immune aggregates was observed at a concentration of 0.8 mM-salicylhydroxamic acid.
Although the results obtained above -showed that putrescine had little effect on the binding of C3b to immune aggregates, to confirm that this reaction was not a result of transglutaminase activity (Chung et al., 1974; Folk & Finlayson, 1977) , 20mM-iodoacetamide was tested for inhibition with the experimental conditions described above. (Heidelberger, 1941; Miller-Eberhard & Biro, 1963; Miiller-Eberhard & Lepow, 1965; Takahashi et al., 1977; Goers & Porter, 1978; Campbell et al., 1980) . The C I subcomponents C Ir and C Is are readily removed by treatment with neutral iso-osmotic buffers, containing EDTA, and are considered to be linked to the aggregates primarily via the bound C lq (Dodds et al., 1978; Arlaud et al., 1979) . Subcomponent Clq is more strongly bound, since buffers of low or high pH and containing a high salt concentration are required to bring about its complete removal from the aggregates (Arlaud et al., 1979) . Subcomponent C lq is bound non-covalently to a site in the CH2 domain of the Fc region of the IgG molecule (for review, see Burton et al., 1980) , whereas activated C4 is considered to be bound vi. its a'-chain, probably covalently, to a site in the Fab region of the IgG molecule (Chan & Cebra, 1968; ; oers & Porter, 1978; Campbell et al., 1980) . Betore the present study, little was known about the nature and location of the binding of activated C3 to IgG in immune aggregates, although it is well established that freshly activated C3 can bind via a labile site on its a'-chain, probably by means of an ester bond, to the surface of various cells or particles (Law & Levine, 1977; Law et al., 1979a,b; Sim et al., 1981) .
It has been shown that immune aggregates containing IgG or F(ab')2 antibody caused exactly the same extent of utilization of alternative-pathway components, as judged by haemolytic assays, when incubated with human serum under conditions allowing only alternative-pathway activation (Gadd & Reid, 1981 (Fig. 1) Vol. 195 that contained '25I-labelled material derived from C3 ( Fig. 2) or IgG (Fig. 3) were present. Unidentified high-molecular-weight bands were also observed when C3b-IgG aggregate samples were electrophoresed under non-reducing conditions (Figs. 1-3 ).
In the non-reduced samples, low-intensity bands were seen in the expected positions for C3b and for uncleaved C3 (Figs. la and 2a) . The intensity of these bands could be decreased slightly by extensive washing with buffers containing high concentrations of salt, and it is possible, therefore, that these bands may be due to the non-specific binding of uncleaved C3 or C3b to the aggregates. However, it was observed that, in the presence of EDTA, there was a complete absence of C3 binding as judged from the radioautographs (Fig. 2, track iii), therefore it seems probable that these bands are produced by degradation of C3b bound to IgG, as was considered in the Results section. By a comparison of the ratio of radioactivity distributed between the heavy and light chains derived from the reduced samples of '25I-labelled IgG and the two major high-molecular-weight '251-labelled species (Fig. 3) , it was established that in both species the a'-chain of the C3b molecule was bound to the heavy chain of IgG. An identical experiment could not be performed with immune aggregates containing F(ab')2, owing to the poor separation of the Fd and light chain on SDS/ polyacrylamide-slab-gel electrophoresis. However, it seems probable that C3b bound to these aggregates is also bound to the heavy chain of the antibody molecule, which indicates that the bond formed between C3b and IgG involves the a'-chain of C3b and the Fd region of the heavy chain of IgG.
The apparent molecular weights calculated for the two major high-molecular-weight species show that they are probably formed by the interaction of one or two C3b molecules with one antibody molecule. Other high-molecular-weight species were also found in lower amounts and were not studied, but they may have been formed by the degradation of the aggregate-bound C3b by the action of J1H, C3b inactivator and other enzymes. This was partially confirmed by the observation that these other high-molecular-weight species increased on prolonged (up to 60min) incubation at 370C, and some had lower apparent molecular weights than the C3b-IgG complex. The importance of a species thought to be composed of two C3b molecules bound to one antibody molecule is not clear, but Fujita et al. (1977) have demonstrated the presence of a C5-cleaving activity on the surface of F(ab')2 immune aggregates after incubation in human serum, and C3b binding has been postulated to be essential in the generation of a C5 convertase enzyme from the C3 convertase (Vogt et al., 1978; Janatova et al., 1980b) . The binding of C3b to the 479
